Abstract. To determine whether the presence of nonpathogenic piroplasms may confound field estimates of risk of Babesia microti infection, we identified sporozoites infecting the salivary glands of deer ticks (Ixodes dammini) by parallel microscopy and polymerase chain reaction assays. Piroplasms were evident in 14.4% of adult ticks from sites in the northcentral and northeastern United States. Of these, 83.3% contained DNA characteristic of Ba. odocoilei. This cervid piroplasm was detected in all of the sites examined and generally was more prevalent than was Ba. microti. Because deer ticks transmit both Ba. odocoilei and Ba. microti, estimates of pathogen prevalence based solely on microscopy may overestimate the risk of human babesiosis.
The agents of human babesiosis (Babesia microti) and Lyme disease (Borrelia burgdorferi) co-occur in particular sites in the northeastern and northcentral regions of the United States, where they perpetuate in a cycle involving deer tick (Ixodes dammini) vectors and white-footed mouse (Peromyscus leucopus) reservoir hosts. 1 Where both kinds of pathogens infect these hosts, human babesiosis is less frequently diagnosed than is Lyme disease. On Nantucket Island, for example, the annual incidence of symptomatic human babesiosis averages about one-tenth that of Lyme disease. 2 Moreover, sera of local residents react to antigens of Ba. microti about one-third as often as to those of B. burgdorferi. Although they are acquired similarly, human babesial infection occurs less frequently than does borrelial infection.
In spite of this apparent difference in the relative frequency of symptomatic infection, the agent of human babesiosis seems to infect vector ticks in nature about as often as does the agent of Lyme disease. 3, 4 These estimates, however, assume that any sporozoites seen microscopically in the salivary glands of deer ticks would be Ba. microti. Yet, Ixodes ticks transmit a diverse array of piroplasms, including a parasite of white-tailed deer (Ba. odocoilei) that is distributed widely throughout the southern United States. 5, 6 The closely related black-legged tick (I. scapularis) transmits Ba. odocoilei in Oklahoma, Texas, and Florida. 7 We do not know, however, whether diverse Babesia parasites infect deer ticks in the northeastern and upper midwestern United States.
It may be that where Ba. microti is zoonotic, other piroplasms may also infect the salivary glands of deer ticks. To evaluate this suggestion, we identified the sporozoites infecting the salivary glands of deer ticks in the northeastern and northcentral United States. In particular, we examined a salivary gland microscopically from each of a series of ticks, screened the other by amplifying its DNA with genus-specific primers and identified the amplification products by restriction enzyme analysis and sequencing.
METHODS
Deer ticks were sampled from intensely infested sites in the northeastern (Maine and Massachusetts) and the upper midwestern (Wisconsin) United States. Host-seeking ticks were collected by dragging a piece of flannel cloth over the vegetation during 1995 and 1996. In addition, samples were obtained from hunter-killed deer during the 1995 hunting season.
Ticks were dissected and their salivary glands were examined microscopically to determine whether sporozoites were present. Thus, non-engorged female ticks were placed on laboratory rabbits and removed after 4-5 days to stimulate sporogony. Ticks taken from deer were reserved at 4ЊC for study if they appeared to have fed for 4-5 days. Ticks were dissected individually on a new slide using flame-sterilized forceps to avoid cross-contamination. Salivary glands were removed in a drop of 10% fetal bovine serum in phosphate-buffered saline and one of each pair of glands was stained by the Feulgen reaction for examination by brightfield microscopy. 3 The other gland was pooled with the salivary glands from four other ticks for polymerase chain reaction (PCR) analysis.
Sporozoite-infected salivary gland pools were further analyzed by PCR amplification. The salivary gland pools were homogenized in 100 l of a lysis buffer (4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% N-lauroylsarcosine) with a heat-sealed pipet tip and extracted with an equal volume of phenol-chloroform-isoamyl alcohol (24:24:1). The DNA was precipitated by adding 0.15 volumes of 2 M sodium acetate, 2 volumes of 100% ethanol, and 10 g of glycogen after incubation at -70ЊC for 30 min. The DNA pellets were suspended in 50 l of water and 5 l of this preparation were added to a 50-l of PCR mixture using the Elongase System (Life Technologies, Gaithersburg, MD) at a final Mg ϩϩ concentration of 1.5 mM and containing 25 pmols of primers PIRO-A(5'-AATACCCAATCCTGACA-CAGGG-3') and PIRO-B(5'-TTAAATACGAATGCCCCC-AAC-3'). Primers PIRO-A and PIRO-B were designed to amplify 408-and 437-basepair (bp) fragments from the 18S rRNA gene of Ba. odocoilei and Ba. microti, respectively ( Figure 1 ). Amplification was performed as follows: 1 min at 94ЊC for (one cycle) followed by 40 cycles for 45 sec at 94ЊC, 45 sec at 55ЊC, and 45 sec at 72ЊC.
To prevent DNA contamination, we prepared samples in dedicated rooms for setting up PCRs and used only autoclaved barrier tips, tubes, and solutions. We are aware of the possibility that some of the ticks collected off of deer may contain Ba. odocoilei DNA from the current blood meal, which may overestimate the prevalence of Ba. odocoilei. To monitor samples for potential DNA contamination, micros- copy-negative salivary glands were included with every batch of samples analyzed by PCR.
Amplification products were identified by digestion with selected restriction enzymes in separate reactions. Restriction products were separated by electrophoresis on 3% agarose gels and visualized by staining with ethidium bromide. Representative PCR products derived from infected ticks collected in Ipswich, (MA), Great Island, (MA), Wells, (ME), Monhegan Island, (ME), and Spooner, (WI) were sequenced by the dideoxy-chain termination method using an automated DNA sequencer (Applied Biosystems, Foster City, CA).
Laboratory animals used in this study were maintained in compliance with the National Institutes of Health guidelines for humane use of laboratory animals.
RESULTS
By means of sequence analysis, we identified restriction sites that might be used to distinguish Ba. odocoilei from Ba. microti. The enzyme Bst EII appeared likely to digest within the PIRO-A/B amplification products of Ba. odocoilei as well as Ba. divergens, thereby generating 78-and 330-bp fragments ( Figure 1 ). In contrast, Hinf I, would digest such sites within the products of Ba. microti and Ba. rodhaini, and this would generate 81-and 356-bp fragments. Our targeted sequences appear to contain diagnostic restriction sites.
In a preliminary experiment, we evaluated the specificity of the proposed PCR-restriction fragment length polymorphism (RFLP) assay with respect to related Babesia and Theileria organisms. Our primers amplified DNA from Ba. microti, Ba. odocoilei, and Theileria cervi, a piroplasm prevalent in Amblyomma americanum (Armstrong PM, unpublished data). The electrophoretic mobility of the amplification products varied slightly among different piroplasms and ranged from 408 to 437 bps in size (Figure 2) . Babesia microti was readily distinguished from other piroplasms when digested with Hinf I whereas Bst EII cut at sites solely within Ba. odocoilei amplification products. The PCR amplification coupled with restriction enzyme digestion may readily distinguish Ba. odocoilei from Ba. microti.
To determine the prevalence of Babesia infection in I. dammini, one of the salivary gland pairs from each tick was prepared for microscopy ( Table 1) . Sporozoites were evident in ticks sampled from each of the sites examined in this study. Babesia was most prevalent in ticks from Wells, ME, Monhegan Island, ME, and Great Island, MA (36.7%, 32.1%, and 21.7%, respectively). Piroplasms frequently infect Ixodes ticks in each designated study site.
To further identify the Babesia detected in these ticks, we analyzed by PCR-RFLP salivary gland preparations of ticks in which piroplasms were recognized microscopically. The PCR assay verified infection in all of the salivary gland pools that contained at least one microscopy-positive tick, except for a pool from Spooner, WI and another from Martha's Vineyard, MA ( Table 2) . Pools of noninfected salivary glands did not yield visible amplification products. The PCR amplification products were then digested with Bst EII and Hinf I. Babesia odocoilei restriction sites were detected in ticks from all sites examined whereas Ba. microti was detected from all but two sites. In addition, one salivary gland pool from Spooner, WI ticks contained an amplification product that was digested by both restriction enzymes, suggesting coinfection by Ba. odocoilei and Ba. microti. Babesia odocoilei appears to be more widespread and prevalent than is Ba. microti.
To confirm the identity of Babesia parasites analyzed by PCR-RFLP analysis, we sequenced the amplification products from 1-2 infected ticks representing each geographic region (Genbank accession numbers AF028342-AF028347). Amplification products containing Hinf I sites of infected Spooner, WI and Great Island, MA ticks were identical to Ba. microti. Amplification products derived from Spooner, WI, Ipswich, MA, Wells, ME, and Monhegan Island, ME ticks that were digested with Bst EII were identical to Ba. odocoilei. Deer tick-derived sporozoites represent at least two distinct piroplasm species. DISCUSSION We found that Ba. odocoilei is more widely distributed than previously recognized, including foci of transmission in the northeast and upper midwest United States. Moreover, Ba. odocoilei appears to infect deer ticks more frequently than does Ba. microti in sites where these piroplasms cooccur (76.9% of sporozoites observed in adult deer ticks). In previous studies, we assumed that all sporozoites observed in deer ticks were Ba. microti largely because no Babesia had been detected in deer by blood smear or hamster inoculation. 8, 9 The deer parasites, however, sparsely infect the peripheral blood and often require several days of culture to become detectable. 6 Our failure to routinely infect hamsters with salivary gland suspensions from ticks with Feulgen-detectable sporozoites (unpublished data) suggested the possibility that another species might confound our observations.
The prevalence of Ba. odocoilei infection in adult deer ticks is about three-fold greater than Ba. microti infection in sites where these parasites coexist. This discrepancy in infection rates may indicate that subadult deer ticks feed frequently on deer, as previously suggested. 9 Alternatively, these disparate rates may reflect differences in vector competence for each kind of Babesia parasite. Indeed, the acquisition and trans-stadial passage of Ba. microti by deer ticks is relatively inefficient. Fewer than 50% of nymphal deer ticks acquire Ba. microti infection after feeding on infectious hosts as larvae, and infection generally is lost after subsequent feeding on an uninfected host and molting to the adult stage. 10, 11 Nymphs appear to acquire infection less efficiently than do larvae; only 25% of adults acquiring infection as nymphs become infectious. 11 Because the ticks examined in this study were adults, our observations may overestimate the intensity of transmission of Ba. odocoilei relative to Ba. microti.
The limited capacity of Ba. microti to disperse and establish new foci of transmission may explain its infrequent detection in sites throughout the northeast. Avian hosts may serve as an effective vehicle for long-range dispersal of infected ticks, 12 although birds are not competent hosts for known mammalian Babesia. Babesia microti is not maintained by transovarial transmission (TOT) (Telford III SR, unpublished data); therefore, importation requires that ticks must acquire the infection in enzootic sites as larvae, be transported to new sites by avian hosts as nymphs, and subsequently transmit the infection to a suitable host as adults. This scenario seems unlikely because adult deer ticks almost never feed on rodent hosts. 13 In addition, Ba. microti is not maintained within the tick after a second molt; Ba. microti parasites acquired by larval ticks disappears before the adult stage. 11 Babesia odocoilei, in contrast, is maintained in deer, the main host of adult deer ticks. 6 Transovarial transmission of Ba. odocoilei has not been demonstrated experimentally, although it occurs in the closely related species Ba. divergens. 14 Babesia divergens infections that are passed by TOT persist to the adult stage of the next generation. Birds, therefore, might readily introduce Ba. odocoilei into new sites.
People may differ in their susceptibility to each of the three babesias that have been implicated in human disease in North America. Babesia microti, which commonly is zoonotic in the northern midwest and northeast, is pathogenic mainly among the elderly and immunocompromised including hundreds of known cases. 15 Strain WA1, which is closely related to Ba. gibsoni, produces disease in West Coast residents, but only rarely. 16, 17 In Europe, only 21 people are known to have been infected by Ba. divergens. Virtually all were asplenic, and about half died of this fulminating infection. Recently, an autochthonous infection with an agent virtually identical to Ba. divergens (designated M01) was implicated in a fatal episode of a Missouri resident. 18 Although Ba. odocoilei has not been implicated in human illness, its presence in Ixodes ticks suggests that people may be exposed. Because this piroplasm is so closely related to Ba. divergens, we anticipate that Ba. odocoile may similarly cause illness in immunocompromised people. These epidemiologic considerations suggest that sporadic cases of nonBa. microti babesiosis may emerge throughout the extensive eastern United States range of I. dammini and perhaps I. scapularis, but Ba. microti remains the main species of public health concern.
Entomologic measures of risk need to consider the prevalence of infection in vector ticks, the frequency of tickhuman contact, and the efficiency of pathogen transmission. Although our study estimated pathogen prevalence in ticks, we do not know whether Ba. odocoilei may be efficiently transmitted by deer ticks. Moreover, the prevalence of Babesia odocoilei infection in nymphal deer ticks requires further analysis. Although adult ticks may occasionally feed long enough to transmit infection to people, most human infections are derived from the bites of infectious nymphs. Deer tick nymphs collected from our site in Maryland were exclusively infected with Ba. odocoilei (Armstrong PM, unpublished data). Therefore, it is likely that Ba. odocoilei will be represented frequently in nymphs from Ba. microti-enzootic sites.
Our observation that Ba. odocoilei sporozoites frequently infect deer ticks may help reconcile the paucity of human symptomatic Ba. microti infection relative to its apparent frequency in field-collected ticks. Estimates of risk of human infection based solely on microscopic examination of sampled ticks, therefore, may be misleading. Where these piroplasms coexist, Ba. odocoilei may inflate entomologic inoculation rates derived for Ba. microti.
